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Figure la, b.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

FIGURE CAPTIONS

Theoretical water vapor absorption based on the Gross
line shape formula with laser frequencies in the gaps
shown by arrows.

Block diagram of the FIR laser spectrometer: m, mirrors;
G, grating; L, lens; SA, spectrum analyzer; PZT piezo-
electric transducer; C, chopper; D, detectors; BS, beam-
splitters; FP, Fabry-Perot interferometer; S, water vapor
sample; LI, lock-in amplifier; RA, digital ratiometer;
FS, frequency stabilizer, SC, stripchart recorder; OAD,
opto-acoustic detector.

The measured water vapor absorption at 43.649 cm°1.
Theoretical absorption shown by X's for comparison.
Density dependence of excess absorption at 43.649 cm-l.
Straight lines fitted by weighted least squares.

Observed excess absorption coefficients divided by den-
sity squared for each laser frequency.
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FAR-INFRARED LASER SPECTROSCOPY OF WATER VAPOR AND LIQUID WATER®
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Introduction

We have used a far infrared (FIR) optically
pumped laser to measure both the reflection and
transmission of liquid water and the absorption
by water vapor of radiation in the spectral re-
gion betwen 8.22 and 175.7 em=!.  The pumped
laser is a unique feature of our measurements.
The high power of this device gives a signal-to~
noise ratio which i{s superior to that available
from broadband FIR sources.

The optical data for liquid water were used
to determine the complex refractive index
n-1k [1]. Data for measured absorption by water
vapor were compared with calculations of pre-
dicted absorption based on the line shape
formula given by Gross. Our measured absorptions
are in excess of the theoretical values at each
of the laser frequencies and at all pressures.

Experimental Methods and Results

The FIR laser was of the waveguide type and
has been described elsewhere [1-3]. A ratioing
process using two detectors was helpful in
eliminating any fluctuations in the FIR power
arising from laser instabilities.

Free surface measurements of the reflec-
tion coefficient R were made on distilled water
at 25 + 1°C for near normal incidence with
typical random errors under 1%. An adjustable
pathlength cell was used to determine values of
the liquid water transmission at increments of
5 um to an accuracy of 1 um over an average
change in pathlength of 60 um. The Lambert
absorption coefficient a was determined at each
laser frequency f by least squares fittings and
used to calculate values of k = a/4nf. Each
k with the appropriate R was used to determine
n from the normal i{ncidence relation. The
results for n are shown in Fig. 1.

Measurements of the absorption by water
vapor were performed using a straight glass
pipe absorption cell of length 3.44 m and
diameter 10 cm. Distilled water was evaporated
and introduced into the cell through a perfo-
rated tube running the cell length. To measure
transmission the output from a Colay detector
preceeding the absorption cell was electronically
divided into the output of another Golay detec=-
tor following the cell. The quotient of the two
ratios for transmission through the evacuated
cell and for various water vapor pressuves yvield-
ed the measured water vapor power transmission

Soattonn b D pine \rea

The predicted absorption was calculated at
each laser frequency using the line shape
formula given by Gross [4,5]:

ns 4v28 )

Kiv) = n[(v‘-va)- + 4uese

for the contribution of a line centered at
frequency v, to the absorption coefficient K at
frequency v. Here § is the half-width at half
maximum, 8 is the line intensity, and n is the
absorbing medium number density. The water line
frequencies, intensities, and inftial state
energies were taken from the AFGL (6] table with
self-broadening line width coefficients taken
from calculations by Benedict and Kaplan [7].
The modification of line parameters for temperva-
ture and pressure was done as described in the
AFGL table with the exception of the temperature
lependent exponent of the line widths, which
were dotermined separately for each line from
values of width tabulated at two temperatures by
Benedict and Kaplan.

The excess absorption coefficient was
calculated according to the equation

Kexcoas - -ln(T‘/Tc)/L

where L is the pathlength and T, and T, are the
measured and theoretical trlnsmyssion respective=-
ly. Measured values of the water vapor absorp-
tion at 43.649 cm~! are shown in Fig. 2 as an
example, together with the predicted absorption
based on the Gross line shape. The observed
excess absorption, normalized by the density
squared i{s shown in Fig. 3 for each of the laser
frequencies.

Conclusions

The FIR laser has made {t possible to obtain
highly precise data in liquid water. The liguid
data cover a broader rvange than the vesults of
Afsar (8], but agree well whevre they overlap.
These two sets of laser data arve the definitive
FIR results on liquid water to date.

The derived excess absorptions of water
vapor extend the frequency range of other
published data obtained with Fourier spectrom-
eters (9,10] and HCN lasers [10,11] and provide
new information in the spectral region between
60 and 105 em='.

*This work was partially supported by the Army
Research Office.
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ABSTRACT

Absorption by water vapor has been measured in wavenumber ranges from

8 to 105 cm !
line shape has been compared with theoretical dimer absorption. The tempera-

and 300 to 600 cm—l. The excess over prediction with the Gross

ture dependence and over-all magnitude of excess absorption are in reasonable
agreement with prediction for dimers, but the shape is different. The limita-

tions of the present theory of dimer absorption are discussed.




l. Introduction

It is well-known that established line shape formulas based on an impact
approximation are unable to predict molecular absorption in the wings of ab-
gorption lines. In the case of water, observed absorption has been found to
exceed prediction in the gaps between lines frem the microwave to the infrared
regions of the spectrum. The desire for a better theoretical model has been
spurred by interest in the propagation of radiation through water vapor in the
atmosphere.

To get an improved theory of the shape of water vapor absorption lines,
more detailed information about molecular interactions during collisions will
be needed than is available at the present time. Since two water molecules
can form a weak hydrogen bond, dimers have also been suggested (Viktorova and
Zhevakin 1967, 1971, 1975) as another possible source of excess absorption.
This paper reports studies of excess absorption in the laboratory in the

1 and 300 to 600 cm-l, and comparisons are made

wavenumber ranges 8 to 105 cm
with a calculated theoretical spectrum of water dimers. This is in the
nature of a progress report and is not -a definitive test of whether dimers
are important since there are significant limitations in our understanding of
dimer structure at normal temperatures. Many of the details of this study
have been given in the thesis of Bohlander (1979) and further publications

will follow.

2. Excess Absorption-—Definition

One cannot measure excess absorption per se: it is the difference

between observed absorption and prediction based on a line shape formula.

Thus it is important to define carefully how the prediction is made. We

have used the parameters for the frequency, intensity, and widths of lines
given by McClatchey et al. (1973), Benedict and Kaplan (1963), Flaud,
Camy-Peyret and co-workers (1976, 1977), and Toth and Margolis (1975).
Commonly used line shape formulas are the Gross or kinetic line shape formula
(Gross 1955), the Van Vleck-Weisskopf formula, and the modified Lorentz
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formula (Van Vleck and Weisskopf 1945), and from these there is little to
choose theoretically. They all invoke the key assumption that collisions are
instantaneous. We have chosen the Gross formula. Numerical results with the
formulas mentioned are negligibly different in the wavenumber range studied
except with the Van Vleck-Weisskopf formula below 15 cm-l. It predicts
somewhat less absorption, but the conclusions of this paper would not be
changed if this formula had been used.

Preliminary predictions of the absorption spectrum were made including
all the pure rotation band lines in the calculation. We then made shortened
tables of lines from which predictions in 50 cm-1 intervals differed negligi-
bly* from a full calculation. In this way typically 400 and no more than 700 {
lines were needed at any given frequency for subsequent calculations, com-
pared with 2600 pure rotation lines below 700 cxn-1 in the complete tabulation
we used. i

Some workers have used much more abbreviated lists of lines in their %
calculation of the pure rotation line absorption (see eg. Burch 1968; Burch
et al. 1974; Frenkel and Wood 1964; Gaut and Reifenstein 1971): they have
selected only lines near the frequency of interest. Excess absorption in
this case varies slowly with frequency and can be incorporatea in an easy-to-
use empirical formula to predict absorption. However, in physical terms,
these selections of lines are rather arbitrary and cause confusion when
values of excess absorption are compared, since allowance must be made for the
various omissions of absorption lines. Moreover, observations have shown
that some of the empirical formulations have oversimplified the dependence
of absorption on the water vapor density and temperature. We have determined
these dependences from observations and will consider them in relation to the

dimer model.

*The tolerance was 0.2 dB/km for a water vapor density of 26 g m-a.
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3. Theoretical Dimer Absorption ’,
3
i

We have made theoretical calculations of the absorption spectrum of dimers

from existing information about their structure. A number of theoretical

chemists have made molecular orbital calculations in order to find the hydrogen
bond energy and the most stable structure, shown in Figure 1. Dill et al.
(1975) give a useful review, and more recent work is described by Matsuoka
et al. (1976). These predictions were found to be consistent with high res-
olution measurements (Dyke et al., 1977) of microwave transitions between
rotation levels in the ground vibrational state of dimers in molecular beams.
Therefore, the ground vibrational state appears to be well-understood in terms
of the predicted lowest energy structure.

Since the hydrogen bond is weak, the water dimer has low-lying vibration
levels, and only four percent of the population is estimated to be in the
ground vibrational state at normal temperatures. Thus it is an important

L T
L &
g -

question whether dimers retain approximately the lowest energy configuration
at these temperatures. Using an empirical model* of the potential energy be-
tween two water molecules, Owicki, Shipman and Scheraga (1975) have concluded
that barriers to intermal rotation are low. In this situation the orientations
of the two water molecules in a dimer would not be well-confined to configura-
tions near the lowest energy one. We felt it was probably premature, and was
in any case a difficult problem, to try to calculate a theoretical dimer spec-
trum that would take account of internal rotation. Rather we have calculated
a theoretical spectrum for the more tractable case in which the dimer is assumed
to undergo rigid rotation and small-amplitude harmonic vibration. Comparison
with the spectrum of excess absorption in water vapor has been used as a test

of this theory and as an indication whether there may be the need to comsider

internal rotationm.

The dimer's expected pure rotation band in the rigid rotor approximation
comes at a low frequency because the dipole moment (2.6 D) measured by Dyke
et al. (1977) was found to be nearly parallel to the line between the heavy
oxygen atoms. The peak of the predicted band is at 16 cm-l (480 GHz) as shown
in Figure 2. One might expect the spectrum to be almost that of a symmetric
top with a rotation inertial constant of 0.2 cm-l and with only small pertur-
bations due to the light hydrogen atoms. Early calculations of the dimer
spectrum were made on that basis (Viktorova and Zhevakin 1967, 1971, 1975;

*Electrons and nuclei were placed in fixed positions to reproduce the dipole

moment of water and the structure of ice.
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Braun and Leidecker 1974). However, molecular beam studies (Dyke et al. 1977)
have shown a much more complicated spectrum below 1.6 cm-1(48 GHz). This is
attributed to inversion tunnelling, but few assignments of the observed lines
have been made. Therefore, we have not attempted to calculate rotational
structure in detail and have used smoothed band contours.

The remainder of the predicted absorption is assigned to six intermolecu-
lar vibration modes involving the hydrogen bond. We have calculated the normal
intermolecular vibrational frequencies for the dimer from a recent molecular
orbital study of intermolecular potential energy (Matsuoka et al., 1976). Al
Most of the modes involve partial rotation of the monomers within the dimer,
and, since this causes large dipole moment oscillations, the predicted absorp-
tion intensity is large. Intensities were calculated with the assumption that
the charge distribution remains fixed on the monomer units during vibra-
tions.**

In addition, we need to know the number density of dimers to be able to
calculate their absorption in dB/km. Although dimers have been observed in
molecular beams, we know nothing from this about equilibrium concentrations.
These we have estimated in the usual way (see e.g. Bolander et al. 1969) from
experimental values of the second virial coefficient (Goff and Gratch, 1946).
Typical calculated dimer concentrations are of the order of a part in 1000 of
the monomer concentration. Uncertainties in the theory on which these calcula-
tions are based will be discussed later. Dimer concentrations are propor-
tional to the square of the water vapor density, and their dependence on
temperature is determined by the hydrogen bond energy. The best theoretical
values of the latter are around .15 to .16 eV; the value estimated from the

temperature dependence of the second virial coefficient is 0.12 eV (Bohlander,
1979).

*Thete is fairly good agreement between the vibration force constants from
this study and those from other recent molecular orbital studies (Curtiss and
Pople 1975; Kistenmacher et al. 1974).

**Values of the frequencies and intensities are also in reasonable agreement

wvith those found by Owicki et al. (1975) using an empirical potential energy
model.
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4. Observations in the Laboratory

The spectral ranges that are most accessible to experimental study are in
the wings of the monomer pure rotation band and include the predicted dimer
pure rotation band and the predicted dbands for hydrogen bond bending.

We have studied water vapor without a foreign broadening gas since this
would give the widest possible spectral ranges in which to search for dimer

absorption. Uncertainties in the theory of collision broadening by a foreign
gas are also avoided.

Vi b

>

We began the study using Fourier transform spectroscopy and wide-band

1

radiation taken from Mercury lamp or glow bar sources. Helium-cooled bolo- é

meters and Golay cell detectors were used. For the spectral ranges 12 to 50 ii

cu-l and 300 to 600 cm-l. White-type absorption cells provided path lengths %

between 20 and 200 meters. A selection of observed spectra is given in Fig- ‘z

ure 3. They represent one minus the ratio of spectra obtained with a sample \i

4 and with & vacuum in the absorption cell. The dashed curves show expected |

£ Ly

monomer absorption. Onecan see that in the gaps between lines in these

wavenumber ranges, excess absorption is a considerable fraction of the total.
Whether the excess absorption was due to collisions between two molecules or

due to dimers, it was expected that it would be proportional to the density

squared, and this was found to be true within experimental certainty.

Due to the presence of numerous strong monomer lines, one can get only a
fragmentary picture of the excess absorption's spectral shape, as shown for
the near millimeter region in Figure 4. Some results of Burch (1968) and
Burroughs et al. (1969) are shown to be in good agreement. Measurements
were also made by one of us (DLJ) with an HCN maser and are shown in the

figure at 29.7 cm-l. Some of these measurements were made with a large

R e RS e

untuned cavity which Llewellyn-Jones will discuss elsewhere in these
proceedings. He will also present further data in the range 2 to 15 cn-l
obtained with this facility.
At Georgia Tech and Emory University, two of us (0. A. S. and S. P.)
have embarked on new measurements with an optically pumped laser described
3 elsewhere (Bean and Perkowitz 1976, 1977). Preliminary results are shown

E,MLM NEN N
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with solid circles, There is the potential for more precise measurements be-
cause of the power and stability of the laser, and, as shown, this is being
used to extend the frequency range covered. The absorption cell is a straight
pipe 3.4 m long designed to be used with a single pass through it. However,
there has been difficulty in eliminating multiple passes arising from stray
reflections. This has been largely corrected with baffles, but there is pos-
sibly a residual effect which may explain why these data show somewhat larger
excess absorption at lower wavenumbers than previous data.

The integral of the observed excess absorption shown in Figure 4 is about
the same as that predicted by the dimer model, but the shape of the spectrum i
is different. This is also true for the higher wavenumber range studied i

(Figure 5). Here observed excess absorption is represented by a smooth curve 1
that fits our data and that of Burch et al. (1974) within the experimental
uncertainty. As previously noted by Roberts et al. (1976), this seems to
have the form of an exponential decrease with frequency in the range 300 to

600 cm-l. Further discussion of the shape of excess absorption will be given, )

following consideration of the observed temperature dependence.

Typical results in the low and high frequency regions are given in Figure

6. The excess absorption data are plotted in this way to find the value of
the energy E that characterizes the temperature dependence; this in turn can

be compared with the estimated dimer energy of formation. The dotted lines

show the temperature dependence of the predicted monomer component of the
absorption. This is governed mainly by the Boltzmann distribution of the
energy levels from which nearby absorption transitions arise; the slope
therefore switches sign from one side of the monomer pure rotation band to

the other. The temperature dependence of the excess absorption is more nearly
uniform. Values of E given in Figure 7 are near the dimer energy of formation
estimated from the temperature dependence of the second virial coefficient
(Bolander et al. 1969; Bohlander, 1979).

5. Discussion

There are in general terms two possible ways of interpreting the dis-

crepancy between the shape of observed excess absorption and that of predicted

dimer absorption:
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(1) Dimers at normal temperatures may have significantly different mean
structures than they have at low temperatures, or

(2) The contributions by dimers to the excess absorption may be less im-
portant than possible contributions by unbound molecular pairs, i.e., there
may be additional collision broadening of monomer lines.

Although hydrogen-bonded complexes are floppy species, it was not entirely
unreasonable to try the assumption that water dimers vibrate harmonically with
small amplitudes. Thomas (1975) has found vibration bands of the complex H, O0—

2
HF which were easily recognizable despite some anharmonicity. Of course, H 0—

HF has a much higher binding energy than the water dimer (an energy of formi-
tion of ~ 0.3 eV instead of 0.12 eV), and this may mean that barriers to in-
ternal rotation are also higher. If water dimers have low barriers to internal
rotation, this type of internal motion could be more important than vibration,
and the mean dimer structure could be significantly different than it is at

low temperatures. In studies of the more weakly bound van der Waals' complexes,
examples have been found of vibrating species, of internally rotating species,

and of intermediate cases (Ewing 1976). According to the theoretical study

A L vk A

made of barriers of internal rotation by Owicki et al. (1975), mentioned earlier,
there are five barriers and three of them have heights less than 100 cm—l.
Since 1/2 kT is of this order, it is likely that internal rotation is important
at normal temperatures. Further exploration of the barriers with molecular
orbital methods would be of interest.

The other principal assumption we have made in calculating theoretical
dimer absorption is that the second virial coefficient of water vapor is
entirely due to the presence of dimers, and on this assumption we have esti-
mated the concentration of dimers. It is interesting that the excess absorp-
tion derived from observations is similar in magnitude to the predicted dimer
absorption. However, the principle of spectroscopic stability can be applied
here according to rules given by Gordon (1963), and one finds that any pair
of water molecules, whether they are bound or unbound, will have about the
same integrated absorption cross-section at frequencies in the far infrared
(below the frequencies of the vibration bands of the monomer). It follows
that we are not able to say from our measurements whether the second virial

coefficient and the excess absorption are due to bound or unbound species.
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Present theories discount the importance of unbound pairs at normal
temperatures, but there are some simplifications made. For molecules with a
spherically symmetric form of potential energy, Stogryn and Hirschfelder
(1959) have shown that dimers are responsible for nearly all of the second
virial coefficient when the dimer binding energy exceeds kT. In the case
of water, the energy of dimer formation is more than 4kT, but it is not
known whether the generalization of Stogryn and Hirschfelder can be extended
to the case of molecules of low symmetry, such as water. Calculations of
dimer concentrations may also be done from a knowledge of the intermolecular
potential energy (Viktorova and Zhevakin 1971; Braun and Leidecker 1974; Lane
1975; Lie and Clementi 1976: Bohlander 1979). While reasonable agreement
with experimental values of the second virial coefficient have been obtained
in recent calculations, much uncertainty remains about the reliability of
the approximations made. Therefore, the possibility of a significant

contribution by unbound pairs to excess absorption cannot be ruled out.

6. Conclusions

(1) We have found that excess absorption by water vapor is similar {n
magnitude to predicted dimer absorption and has a similar temperature
dependence.

(2) There are large discrepancies between the shape of excess absorp-
tion and that predicted for dimers.

(3) Further theoretical work is needed on internal rotation in dimers

and on the theoretical concentrations of dimers at normal temperatures.
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 subjects of workshopsl, reports
. presented in these references, with the majority of information originating from the Harry

. Diamond Laboratories studyd. A primary purpose of many of these investigations has ynnn

the identification of NMMW systems technology requirements, some of which will be briefly |
discussed following a summary of potential applications.

length system for applications where the weapon system platform would be vehicle« or heli-
gopter=mounted. Analysis of NMMW systems requires then that several factors be weighed
in determining their potential in currently conceived tactical applications. Tables 1 - 4
1ist advantages and digadvantages of the NMMW spectral region relative to microwave and

B

PRESENTED AT 1979 IRIS CONFERENCE AND THE 23rd ANNUAL SPIE
CONFERENCE, SAN DIEGO, CA., 27-31 AUGUST, 1979.

Military systems applications at near-millimeter wavelenuyths
JooJ. Gallagher, R, W, McMillan and R. G. Shackelford

Engineering Experiment Station, Georgla Institute of Technology
Atlanta, Georgia 30332

Abstract

The near-millimeter wavelength region (3.2mm - 0.3mm) is being investigated for military
systems applications during adverse weather and in the presence of smokes, dust and other
particulate c¢louds. The use of near-millimeter wavelengths (NMMW) has advantages and dis-
advantages relative to the use of the infrared and microwave regions. The atmosphere is a
dominant factor in determining the operation of military systems in the NMMW region.
Systems currently under consideration for NMMW applications include beam rider and command
guidance, missile plume detectors, low=angle tracking radars, terminal homing systems,
target acquisition radars, fuze systems, quasi-imaging radars and hybrid (IR/NMMW) systoms.
Recent NMMW technological developments (e. g., sources, receivers, components, phenomenology
and measurements) have been advancing at a rapid pace to meet system needs.

Introduction

Weapon guidance systems operating in the visible/infrared spectral regions have been
successfully developed for tactical use over a broad spectrum of engagement scenarios.
These include direct systems employing beam riders, command guidance, semi-active and
active guidance modes which have demonstrated effective operation in c¢lear weather, but
are inoperable in certain severe atmospheric conditions and in the presence of smokes,
dust and other particulate clouds. Since molecular absorption in the atmosphere is low
over broad spectral windows throughout the visible/infrared, the primary attenuation mode
iz Mie scattering by water droplets in haze and foa, and by particulates in smokes and
other aerosols.

On the other hand, the near-millimeter wavelength region is affected less by adverse
weather, smokes, and aerosols than the visible/IR wavelength regiona. Rain attenuation
of NMM wavelenath radiation is comparable to rain attenuation in the IR region. Because
of its improved transmission under adverse environmental conditions, near-millimeter
wavelengths are being considered for military applications. The NMMW spectral reaion will
not prove to be an ideal operational reaion for all asystems applications, but will, in
several cases, provide a compromise advertze weather capability for limited range appli-
cations with resolution better than that of the microwave reagion.

In recent years, millimeter Qnd nnnr-millimateg wave systems applications have been the
and study panelsd. 1Thig paper will draw upon material

Advantages and disadvantages of NMMW region

The near-millimeter wavelenath reagion has usually been dismissed in the past as a region

~ of high attenuation, relative to the microwave region, and as a reaion of poor angular
- rezolution relative to the visible/IR wavelenath regionsg., However, several factors enter
Cinto the evaluation of the wavelength region which is chogen for operation of a particular

gystem during adverge weather. It will be seen in the next section that transmission in

adverse weather improves considerably in going from visible/IR wavelengths to NMM/MM
wavelengths, and further improves at centimeter wavelengths, On the basis of this com-

arison, it would appear that centimeter or longer wavelenaths would be the most appropriate
or systems operation in adverse weather. Moreover, it has been shown that transmission

through smokes and aerosols also follows a pattern of decreasing with increasing wavelenath.

Aimpoint accuracy requirements, however, tend to eliminate the centimeter wavelenath reaion

“on the basis of a number of practical considerationa. For example, the required accuracy
for target tracking or tavget designation usually falls within the range of 0.1 to 0.5 mrad
resulting in antenna dimensionz of about 0.5 to 1 m for millimeter wavelenaths and 5 to 10

motors for centimeter wavelengths., This consideration alone rules out a centimeter wave-
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infrared wavelengths. Some of the listed advantages might be gquestioned; thus, whereas the
best of RF and optical technigues can be combined at NMM wavelengths, this can also be
considered a necessity because of the nature of the spectral region. On the other hand,
disadvantages such as component deficiencies and lack of data will be reduced or removed

as work progresses at NMM wavelengths.

Whereas several of the NMMW disadvantages can be expected to diminish, the limiting
factor for systems applications is the atmospheric effect, which cannot be avoided. The
factor e"°R, where o is the atmospheric attenuation and R is the weapon-target range, 1s
present in all propagation expressions. In the analysis and discussions of NMMW systems,
their performance is dominated by their capability to operate under various atmospheric
conditions. Since the major role for NMMW tactical systems will be during inclement
weather or in the presence of smoke, the characteristics of a NMMW system, when such con-
ditions prevail, are extremely important.

Table 1. Advantages for NMMW Region Relative to Microwave Region

Greater Resolution

Smaller Beam Angle uBfor Given Antenna Diameter, D, and Conversely Smaller D for Given
O
Rgduced Multipath Potentially Improved Low-Angle Tracking

Low Off-axis Detectability Providing High Security

Covertness Due to Exponential Fall-off With Range in High Attenuation Regions
Tracking Through Plumes Improved Over Microwave Systems

Smaller Components Allowing More Compact On-board Missile Systems

Clutter More Diffuse, Doppler Shift is Greater, Glint Should be Less
Integration of Hybrid IR/NMMW Systems Possible

Countermeasures More Difficult

Table 2. Advantages for NMMW Region Relative to Optical Region

Improved Transmission in Smoke and Fog, Providing Better Low Visibility Operation
Harder to Jam; More Covert

Improved Eye Safety

Better Coherent Receiver Technigques

Source Stabilization More Easily Performed

Potentially Lower Cost

Reduced Background

Both RF and Optical Technology Applicable

Table 3. Disadvantages for NMMW Region Relative to Microwave Region

Poor Heavy Rain Transmission

Atmospheric (clear) Absorption is Higher

Larger Rain Backscatter

Current Receiver Noise Figures are Poorer

Higher Precision Manufacturing Required

Solid State Source Efficiencies Fall as Frequency Squared
Poorer Source Stability

Inferior Waveguide Power Handling Capability

Higher Cost for NMMW Systenms

Table 4. Disadvantages for NMMW Region Relative to Optical Region

lLower Resolution

Higher Glint

Lack of Relevant Data

Video Detection Less Sensitive

Component Technology Currently Worse

NMMW Laser Sources lLess Efficient

Solid State and Tube Sources Chirped, Less Monochromatic Than Optical Lasers
Ccomponents Currently Larger and Heavier

Atmospheric effects

Whereas the NMMW region offers an advantage over optical systems during adverse weather,
clear weather NMMW propagation suffers greater attenuation than experienced in the 1R/
visible region, and is, in addition, for most systems restrvicted to spectral windows. The
NMMW region has strong O and H30 absorption lines with water the major abhsorber. Retween
these broad lines lie the transmission windows, Figure 1 shows the hovizontal attenuation
across the NMMW region from 100 GHz to 1000 GHz at sea level and 4 km altitude®. Also
shown is the weak 0, absorption at sea level. Because of the strong absorption at the
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short wavelength end ot this spectral region, tactical ground=to=ground or ground-to=-air

applications are contined to the longer wavelength windows which are centered about the
following wavelengths:

wavelength (mm) torizontal Attenuation (dp/km) 2enith Attenuation (dn)
3 0.3 1.2%
2.1 0.5 0.91
1.3 I 2.1
0.88 9.0 9.9
0.72 17 2

Included in this listing are approximate horizontal attenuat\m\ (dB/km) for 5.91 \;,’m3
of Hy0 at sea level and the zenith attenuation (dR) for 7.5 a/m? of H)0 at sea level., A
more comprehensive indication of dhe horizontal attonuatlon ACross \he electromaagnetic
spectrum (3 em = 0.3 um) is given inFigure 2. clear air curve for Hp0 density of
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54 3 ? s 10 on one 040 o omn
| T ER TR YW T N .y | =Y 1 . 1 L L

w \ S . B, A AN TG . e, O .S, MR e A LB | B e, R T e, A, ST s, ST A A

A

0
W \k"/mmu Akm % o8
} o

0: ATONm
¢ _A—L—L—A..‘%_A—IA_LM-\,J, A—‘Jk AAAAQ#_A_A__L
1

w!

w?

1!

ATTENUATICN (88 umi

TRANSIMTTANCE

WAV (NUMB(R !:m

00 200 00 R w " 00 w00 "o vooo
FREQUENCY (G

Figure 1. Spectral plots of the attenuation by the (1962) U.ﬁ. Standard Atmosphere at s\\\
level and 4 km altitude. The water vapor density is 5,91 g/m” at sea level and 1.10 g/m’ at
4 km altitude. The lower curve represents 0 only at sea level. For comparison, the atten-
vuation for this same model atmosphere is approximately 0.2 dB/km in the 10 micrometer window
and less than 0.1 aB/km near 3.8 micrometers{d].

75 q/'m-‘ at 20°C shows the high attenuation in the submillimeter region surrounded by the
low microwave and IR/vasible attenuation. From the fog and rain curves of Figure 2, the
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Figure 2. Attenuation by atmospheric gases, rain and foq(s].

advantage of NMMW systems during heavy f?q and the comparable NMMW and 1R attenuation during
rain are demonstrated. A similar figure®, PFigure 3, shown increasing attenuvation for c¢louds
with decreasing wavelonqth. indicating an advantage for satellite or aarcratt-to-ground sys-
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Figure 3. Summary of sea-level atmospheric attenuation[6]. J
type of aerosol and its particle size distribution and concentration. Table 5 shows the ‘j
size range and concentration of water droplets in rain, fog and clouds. It can be seen from |

this table that the larger size range of rain droplets (7-700 um) would cause significant
scattering losses at near millimeter wavelengths were its concentration not extremely low
compared to the concentration of water droplets in fogs and clouds. For both rain and fog,

.

R T ey e TeEE P
Y

é the attenuation is an almost linear function of bulk water density with the frequency de- 3 |
pendence for attenuation in rain being negligible over the NMM spectral region from 94 to .
340 GHz. 3
3 1
Table 5. Comparative Water Droplet Size and Density X 4
4 For Rain, Fog, and Clouds [8, 9, 10] 3 |
Rain 3 1 S
Light Moderate Heavy Cloudburst ‘.‘ ».{d
(r=1mmhr) (r=4 mmhr) (r =25 mmr) (r =100 mm hr) % |
size Range (um) 7-100 10 - 300 10 - 500 50 - 700 € d
Droplet Density (m ™) 350 500 700 1,250 i
Water Density (g/m") 0.04 0.17 1.0 4.2 : |
Fog g
Thin (vis. ~ 300 m) Thick (vis, ~ 50 m) ¢ "
Size Range (um) <0.1 0,02 - 0,2 3
-3 10 > 11 4 |
Droplet Density (m 7) 2x 10 LA 0 )
Water Density (gv"ma) 0,023 0.35 §
5
> 1
Clouds ; 3
i y
Cumulonimbus [ Cumulus Congestus | Fair Weather Cumulus | Strato Cumulus i |
Size Range (um) - a=-12 35 2«4 |
= 8
Droplet Density (m ™) - - 1.6 x 10 3x 10 |
Water Density ("ma) 6.0 2.5 0.5 0.2

For aerosols resulting from smokes, dust or other battlefield-generated debris, the
attenuation_is primarily due to scattering, and secondarily to absorption. Preliminary
indications’ are that propagation through existing screening smokes is very high, and that

= the development of effective smokes for the NMMW region is questionable because of the
difficulties involved with generating and dispensing smokes with the appropriate particle
size distribution and settling rate. Attenuation of millimeter radiation by ground ex-
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plosions of munitions has been shown to be relatively high for short periods of time?’.
Although the attenuation cleared much faster for NMM waves than for the IR/optical bands,
nevertheless, loss of NMMW track or acquisition of a target could occur during a barrage
or critically placed explosion so that these effects must be considered in greater detail
in the future.

It is important at this point to demonstrate millimeter wave propagation under condi-
tions of high absolute humidity and high bulk water content, since these are the condi-
tions under which all military systems are expected to operate. Examples are given for
the three cases: clear weather (high absolute humidity), rain and fog.

Clear weather

In high visibility conditions with a lack of precipitation and fog, the attenuation of
near millimeter radiation in dB/km is directly proportional to absolute humidity. This
linear relationship is shown in Figure 4 on a plot of temperature-humidity data which was
abstracted from a psychrometric chart. Table 6 shows the two-way path loss for a range
of 3 km at frequencies of 94, 140 and 220 GHz for various atmospheric conditions. Note
that the attenuation of 220 GHz radiation is very high for warm, humid conditions although
the total pgth loss is only 18 dB (3 dB/km) for the standard atmosphere (T = 300°K,

p = 7.5 g/m°)
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Figure 4. Atmospheric absorption by water vapor.

Table 6. Two-Way Path Loss In dB For Atmospheric Attenuation Over A Range of 3 km

T 0P T = G5*F T« d0°F
Fregueney (GHz) | Relative Humidity RIUN 50 s 30 S0 S0t .:mq 505 | 80
N 3 ’ 0.2 N4 1.4 1.9 3.0 | 0.5 0,9 1.4
S0\ 13,21 21,9 ] 35.¢4 87 9.3 ] 15,0 ) 2.7 A} 62
R0 VO 4 [ 43,8 | TOLN [ 114 | 186 | 30,0 | 4.5 6.5 | 12,3

APy Pp—

ke e

B i L LA

S I b R




- -~ — -
s "
" p— e e 3

0 s g

The impact of these attenuation figures on system design can be shown by solving the
radar equation for a typical set of system parameters; the radar range equation is of

Lo e

the form
P tG’Aon
S/N = ey (1) X
(4m) 'RUKTN¢ Ly '
where Py = peak power of the transmitter; 1 = pulse width of the transmitter (it i

has been assumed that the receiver bandwidth = 1/t); G = gain of the trans-
mitting/receiving antenna; \ = free space wavelength; op = radar cross sec-
tion of the target; R = range to target; K = Boltzmann's constant; Ng¢ = noise
figure of the receiver, and Lq = total radar system loss (atmospheric & signal
processing + waveguide and components) .

N R W

Assuming the following parameters:
t = 200 ngec.; A = 1.3 mm (%go GHz); G = 47.6 4B (6" aperture with n = 0.5);
up = 50 m; KT = 4.14 x 107 (T = 300°K); Lg = signal processing loss = 3 dB;
L\, = waveguide and component loss = 8 dB; Ng = 12 dB.

we may write

o A BT

S/N(dB) = PT(dBW) -40 log R(km) = 2a(dB/km)R(km) + 15.2

Figures 5 and 6 show S/N vs R for different values of Pp for atmospheric conditions of T = 27°Cand p = 7.5
g/m’ (standard atmosphere) and T = 30°C and o = 28 g/m® (relative humidity % 80%). For_these two cases,
Table 7 shows the peak power versus range required for SN = 14 dB (P, = 0.9, P._ = 107/). Note that for

% 1arqeu,cheS/stRamsarevetysteep.andonlysmllchangesigranqeoog&rforhxged\angesinpr
at a given S/N. With a maximum peak power of 10 kW, for exanple, the high visibility range will be limited
to about 1.5 km on a warm humid day, and to about 3 km on a warm dry day. These calculations are for single
pulse transmission only.
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Although the performance of a system operating in the 230 GHz window degrades rapidly
in warm humid weather, in many parts of the world these conditions are present for only
a small percentage of the time. An example is the climatological conditions of Western
Europe. Figure 7 shows the attenuation for three near-millimeter frequencies based on
the mean maximum daily temperature and relative humidity for Bayreuth, West Germany.
These data predict that the mean attenuation during the summer months will be less than
7 dB/km, and for this figure, a range of 2.0 km would be possible with a 10 kW pulse
source.
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Figure 7. Millimeter wave atmospheric absorption by water vapor - Bayreuth, West Germany.

Rain. Although differences exist in predicted rain attenuation for the NMMW regionll. most
models predict the following relationships:

a(dB/km) = Ar®, (2)

where A and B are constants for the frequency region 94 - 340 GHz, and r is the rain rate
in millimeters per hour. Based on the available data, the relation

a(dB/km) = r0-83 (3)

provides a reasonably close fit throughout the NMMW spectrum. As might be expected, a warm
rainy day will be a problem for a system at 220 GHz because of strong absorption by both
water vapor and bulk water. For example at T = 26.7°C (80°F), and r = 4 mm/hr. (a moderate
rain rate), the attenuation is 11 dB/km (water vapor) plus 3 dB/km (rain) or 14 dB/km total.
Figure 8 shows the S/N versus range at three power levels, and again it is evident that for
a given value of S/N, large increases in power result in small increases in range. For
this atmospheric condition, a peak power level of about 50 kW would be required for a range
of 1.5 km at S/N = 14 dB whereas a range of about 1.2 km would be possible at the same
value of S/N with only 5 kW peak power. An order of magnitude increase in power only re-
sults in about 0.3 km increase in range for this condition.

E%g. Attenuation of NMMW radiation by fog is also dominated by bulk water absorption,
although a slight frequency dependence is also present. A good fit to available fog
attenuation data is provided by the expression

a(dB/km) = 0.035 o(g/md) £1+08

(GHz) (4)
This relationship along with the optical visibility is shown in_Figure 9. For a 30 meter
visibility radiation fog, with liquid water content of 0.75 g/m3, the attenuation by water
absorption at 230 GHz is approximately 9 dB/km. As shown in Figure 7, the mean maximum
daily temperature of Bayreuth, West Germany during the winter months (the season of
greatest incidence of fog) is about 0-4°C; therefore a reasonable fog scenario is 30-100 m
visibility with temperature 0-4°C, for which the attenuation at 230 GHz would be approxi-
mately 4 dB/km to 11.5 dB/km. These conditions have been bracketed by the calculations
presented in Figures 5 and 8. It is significant to point out that a 100 m visibility fog
at T = 4°C (40°F) results in an attenuation of only 4.5 dB/km at 230 GHz compared with
about 50 dB/km in the 8-12 um band and about 150 dB/km at a wavelength of 0.6 um.
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A summary of atmospheric propagation data, convenient for system calculations, is
given in Table 8. The majority of information presented thus far has dealt with atmo-
spheric effects appropriate to radar or communication applications. An equally important
consideration is the influence of the atmosphere and environment on radiometric signals.
When observing a target in its surroundings, it is important to know the brightness tem-
perature contrast between target and other objects. This contrast is a function of fre-
quency, the atmosphere, and target and background characteristics (reflectivity, emissivity,
etc.). The antenna temperature of a radiometer looking downward from altitude h at an
angle ¢ to the vertical is given by

T ﬁ{o T(z)exp[-t (h,z,0]a(2z)secodz

B

&

(o]
R exp[-t (o,h.\ﬂ]ﬁ( T(z)exp[-t(2,0,0)h (2) secodz

+

(1-R) Ty, expl-r(o,h,0)]

where T, is the temperature of the earth- ar ground-based target and T(2)is the temperature
of a stPatum of atmosphere of thickness dz located at altitude Z. The terms of the form
t{2,, %2,,8) are the optical depths between altitudes 2, and 2, at angle 9, and R is the
refiectivity of the earth or target. The optical deptés Tare given by

S ———ar et st

B —————
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Table 8. Summary Of Propagation Data
Attenuation, a (dB/kmg
Water Density, p (g/m?)
a Clear
Rel. llumidity a Fog @ Fog o Cloud
= 100% Radiative Fog Advection Fog a Rain Fair

T = 32°F 68°F Ry = 400m 200 100 30 400 200 100 mn/hr Weather Nimbo-
A (um) p=4.8 17.4 p = 0.014 0.038 0.11 0.71 0.063 0.18 0.4 1 &4 10 Cum.  Strat. |

1 80 500 95 570

4 120 640
10.6 0.3 1.2 7 20 58 373 17 63 140 1 2.6 6 50 500
337 50 185 0.6 1.5 4.3 28 2.5 7.1 15.8 1 3 7 3 20
724 10 37 0.3, 0.9 2.6 17 1.0 4.3 9.6 1 3 7 2 7
880 7 24 0.3 0.7 2.0 14 1.2 3,5 7.9, 1 3 7 1.5 6
1300 2 6 0.2 0.5 1.4 9 : 0.8 2.3 5.1 1 3 7 0.8 4
2300 1 3 0.1 0.2 0.6 4 0.4 1.0 2.2 1 3 8 2
3200 0.2 0.9 0.1 0.2 0.5 3.2 0.3 0.8 2 1 3 8 1.5

Notes: (1) for at other Rel. Hum., scale down from 100X given

a
CLEAR

(2) for a fog situation, (RH = 1002) + qF (likevise for clouds)

TOTAL ~ ® CLEAR

(3) for a rain situation, = 100%) +©

“roraL " *cLear ®H R

%2
T(Zl' Zz: 0) =fZ a(2) sec 642z (6)
1

so that the first term of Equation (5) is the contribution of the intervening atmosphere
between the radiometer and target, the second term represents atmospheric emission re-
flected fram the target to the radiometer, and the third term is the target's emission atten-
uated by the atmosphere between the radiometer and target. The target or earth background
reflectivity is given by R, the target (earth) temperature is T_ and the atmospheric atten-
uation is a(Z,v). It is seen from these relations that not only atmospheric absorption

by O, and H,0 is important, but hydrometeorite absorption and scattering and atmospheric
thermal emission are also determining factors for the radiometric antenna temperature,
which is reduced further in value when the target fill factor for the antenna is less than
one.

Preissnerl? has shown the brightness temperature contrast for different weather con-
ditions and different materials for the microwave through NMMW spectral region. Figure 10
demonstrates the brightness temperature contrast between vegetation and cgncrete for
three different altitudes for a clear standard atmosphere (pH = 7.5 g/m°>, T = 20° C and
P = 760 mmHg at sea level). At all altitudes given, a detecta%?e brightness temperature
contrast exists, except possgbly at 230 GHz for 3 km and 8 km, where the temperature con-
trast is on the order of 3-5° K and the minimum detectable temperature is approximately
0.5-3° K for a 1 GHz bandwidth and a 10 msec time constant. Figure 11 shows the bright-
ness temperature contrast (concrete and vegetation) for a radiometer at 3 km altitude for
several atmospheric conditions. Rain severely degrades NMMW radiometric response and fog
of visibility of 100 m or less results in considerable loss of contrast. A more signif-
icant indication of radiometric capability to detect a military target is the brightness
temperature contrast for metal relative to vegetation. Figures 1l2a and 12b show contrasts
for metal, water and concrete relative to vegetation. For metal, detectable contrasts
are observed for all conditions except the 25 mm/hr rain. It must be emphasized, however,
that, for metal, reflectivity of 1 has been used and no fill factor reduction has been
employed. Both conditions are unlikely. Systems applications require further consider-

63

o TIESA O£ L e M

A AR N IS TSI LR e A

%

e

5 ARy

Pr SR

e & LR

¥y b

o —————e




e

N ST

‘[z1 X289 00t

5 ‘ZHO 0zZ ‘2zuS 0p1) saTousnba1j pue
.\.\V SUOT3TPUOD I3yjeam ‘s3oaldqo Juasxazjtp
. 103 3seiju0d 2anjeradwsy ssaulybrig
'
' by oy e er
e LTI ™FITPr F =
“, é sl | ﬁ " -
| 4 E ;
w s 7 # =
| L 4 [ ] I
| s
9
i
i i
2 i
h ;
3
s - s
s .
L 5
L i
L 3
LY

e .
viive vie
T ELI T
“ﬁ “\ow ng__.:
o 04
e 2
-1l - .ﬁ &
“ - - =
Pl Lo a_. :
7] =l uv z
- 1 P 3 m
5 -
L FEH b
My ot z
™
il
b
4
S tw._luf\

[z1]8UOTITPUOD I3UyIe3M JUBIDJ
-3Tp 103 3533I0uU0D pur uUcTIe3}abasn U
-39 3seI13uUCs 3injexadwsl ssaulybiag

(249) 439300384

‘TT @anb1g

o0 o 3 o
% §¢ ¢ 51 L : p74 51
4 @9 B 2
@ N~ Pog.,

e
\ 1 S
4 4 e
\NRYIE 13
1 % Z
\ + { 3 e
s A g
-e wnm e O eoL 0 2
R L / vo =
e A 224 “
o mn W S y ’vz } ~
LR B 1) N by % m
y - N, s\ %, m
s SMoAN z
-t N voa =
) <~ 5o~

(M Cle i Y e —

Tz1¥zuo 06 ‘zHO G¥1 ‘zHO
11) s2Touanbaij pue sSUOCT3ITIPUCD
asyjeam ‘g309(qo 3usis33Tp 103
3seijuod sanjeradws3 ssaujybrig -ez1 2inbrg

e “o e wie
BUND ahe T RN e e L e i
ﬁ b " S * 7 | T1 [T e, FI™E ] N
i , ] 7 “
71 SEREER U z
d ’ s A <
i X
/] g Ly z
s -
4 «— £
g s TTE
L g &
g 1.5
g 2 & n,.vw 7
1| g st =
L] z
. BRI
d L
g T
%537 I -
SN WY LI 62 " s
) i
%%
W T 67 1
“

Tz1Js3ubtay 3us1a331p 291y3 103
2321I0U0D pue UOT3E33634 U3IMIBY
3seijuod aanjeirsdwal ssaujzybrag ‘(g1 2anbra

1213} 438310383
“ x %
e L9 %5 st X% 51

-
-

=
-

(9 1SPNINDY Tanivademdl SSINIAOINE

BE e Y. 1
M 9114 WNED s ~ "

A4



soez

S W

AeaprenRy it IRPR————
e TR IS, = VR W E xvopr o O— i

10&_‘<
- B Nl

ation of these effects with inclusion of antenna pattern and fill factor effects.

Very little data exist for atmospheric turbulence in the NMMW region: fluctuation of
intfgsity and signal angle of arrival for NMMW systems have been studied by Armand et
al. and by Snider, Wiltse and McMillanld., Based on the approach first proposed by
Armand, the peak-to-peak intensity fluctuations expected for a 230 GHz system under near
standard conditions were calculated to be 1.16 dB, and the corresponding angle-of-arrival
fluctuations were determined to be 0.3 mrad. In practice, observed intensity fluctuations
at lower frequencies have occasionally been observed to be much larger, and little data
are available for the angular fluctuations. Much work needs to be done before the effects
of turbulence on NMMW systems have understood, but the meager results available to date
indicate that it gives system degradation of a magnitude which must be considered.

The approximations discussed thus far demonstrate some of the atmospheric effects to
be considered in systems trade-offs between the NMMW and IR/visible regions but do, in
no way, describe the complexity that could occur at NMM wavelengths. Thus, when the
limited experimental data for H,0 are compared with existing theories, the measured values
in the window regions invariably exceed theoretical values. When msasu¥€d values arve com-
pared with the monomer spectrum calculated with the Van Vleck-Weisskopf!® or Grossi® line-
shape, the inadeguacy of the theory is evident from Figure 13 in which the dashed curve B
represents an empirical "continuum" absorption which myst be added to bring the theoretical
results into coincidence with the experimental results®. The empirical correction term
has been given in the forml’:

=% J_QQ) 41 p‘.) 2 dn ) (N
Aa, = 4.69 x 10 a\'T 1000/ v xmo
where p is the water density (g/mJ), T is the atmospheric temperature, “K, P is the pres-
sure and v the frequency. The discrepancy between measured and calculated water-vapor
absorption closely follows this empirical correction term throughout the NMMW region.
Various causes have been postulated for this excess or anomalous absorption, but, thus far,
the source is not undfsstood. Great anomalies have been observed in high humidity, cold
conditions and in fog™ . Further experimentation is needed in this area of atmospheric
effects.
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Figure 13. Spectral plots of the attenuation by atmospheric H,0 at sea level. Curve A
represents a combingtion of theoretical and oxpari%@ntal results for an N,0
density of 5.91 g/m3. At a fixed temperature and 1 atm total pressure, tfe
attenuation is approximately proportional to the H,0 density. Curve B cor-
responds to an empirical continuum that is added t8 theoretical results to
provide agreement with the experimental results. The transmittance scale on
the right-hand side corresponds to a 1 km path(d].

Considerable space has been devoted in this paper to a discussion of atmospheric
effects on propagation. However, it is just these effects which are the most important
factors in determining the applicability of a particular military system in the NMM wave-
length region.
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Potential NMMW systems applications

Several NMMW military applications have been investigated in recent years. Of these,
some have not shown advantages over the equivalent system operating in another spectral
region, whereas some have sufficient promise to warrant initiation of experimental
development of prototype systems, Among the potential systems applications which have
been studied are the followingi™~:

1. Beamrider systems

2. Terminal homing

3. Target designation and semi-active homing
4. Command guidance

5. Target surveillance and acquisition
6. Active NMMW quasi-imaging

7. Low angle tracking

8. IFF systems

9. Airborne passive imaging

10. Aircraft detection from satellites
11. Boost phase plume detection

12. Re-entry applications

13. Secure communications

14. Mine detection

15. Obstacle and terrain avoidance

16. Space object identification (SOI)
17. Fuzing

18. Hybrid (IR/NMMW) systems

The details of the investigation of most of these systems can be found in the references,
and only a selected system, the NMMW beamrider, and brief statements on others will be dis-
cussed in this section.

Beamrider

21 " b e 3 5
A beamrider guidance system A8y 4 is defined as a technique for guiding missiles

which utilizes a beam directed into space, such that the beam axis forms a line along which
it is desired to direct a missile. The missile contains equipment that can sense the
direction and magnitude of the error when its path has deviated from the center of the beam,
and that can generate guidance error signals which cause the missile to return toward the
center of the beam. In principle, a beamrider system can be employed in surface-to-surface,
surface-to-air, air-to-air, and air-to-surface roles, although it is potentially more
effective against slowly moving targets. The basic elements of a beamrider system are the
same for each of the roles but the stringency of the requirements placed on these elements
will be determined by the particular applications. For the purposes of interest here, a
surface-to-surface anti-armor role has been emphasized as an example of a credible appli-
cation of NMMW guidance.

In the beamrider concept adopted as an example for this study, the target is acquired
and tracked by a precision near millimeter wave (NMMW) radar with a conical scan antenna.
The missile is launched toward the target along the conical scanning tracking beam, which
is coded to provide information on the position of the missile relative to the scan axis
which defines the line-of-sight (LOS) to the target. A receiver in the rear of the missile
detects the scanning beam, decodes it to determine its position with respect to the scan
axis, and generates the appropriate error signals to keep the missile in the center of the
beam. In the conical scan mode, a relatively simple PRF coding scheme can be used to
develop the required guidance error signals.

Figure 14 shows the NMMW beamrider guidance concept. The first and second beams are the
capture beams which establish line-of-sight (LOS) guidance as quickly as possible. The
basic functions of the beamrider system are target acquisition, target track, missile
capture and missile guidance.

FIRST BEAM
SECOND BEAM A R v’ (o
SHiTY {*'KTV
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// " 77/ THIRD BEAM
e
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Figure 14. NMMW beamrider concept. FOG, RAIN, SMOKE ’
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The basic system configuration considered to be most desirable for a ground-to-ground,
anti-armor beamrider system requires that the entire system be a self-contained, crew-
served and vehicle-mounted package with an antenna aperture diameter less than one meter.
The candidate missile would be of the TOW or SHILLELAGH generic class, and would be tube-
launched from the tracking/guidance platform. This concept would require an integrated
target acquisition capability for performing target handover from a wide-area battlefield
surveillance system, and for establishing an autonomous operating capability over a
limited battlefield sector. The acquisition capability would of necessity require the

development of suitable target recognition criteria based on the near millimeter wave
target signature.

Nominal, system parameters relating to these requirements have been given as the
following“™:

Operating Range - Maximum: > 2 km; Minimum: < 0.5 km
Capture Range - Maximum: < 100 m
Weather and Environ-

mental Extremes - Rain: 4 mm/hr; Fog: 100 m vis.

Temperature: 90 - 100°F;

Relative Humidity: 80 - 100%

Smoke: Battlefield-generated dust and
aerosols; tactical screening agents

Acquisition - Search Sector: 5° x 25°, movable scan sector;
Search Time: < 10 sec.
Missile Data Rate = 50 Hz

In addition to these characteristics, a NMMW system should also satisfy the general re-
quirements of high reliability and maintainability, compatibility with existing equipment,
capability for CM hardening, minimum operator interaction and training, rapid fire capa-
bility, and high first round probability of kill.

Based on these requirements, system congepts and estimated performance for a NMMW anti-
armor beamrider system have been addressed?l. However, the paucity of essential data for
target and terrain reflectivity and atmospheric propagation may result in an altering of
the performance calculations when those data become available.

The beamrider concept has been successfully implemented in the infrared, demonstrating
good clear weather performance. Currently, there is an enthusiastic interest in the beam-
rider for the anti-armor application. The U. S. Army Ballistic Research Laboratory (BRL)
has succesgfully carried out a feasibility demonstration o%f beamrider tracking and guidance
at 140 GHz20, and plans to repeat these experiments at 217 GHz. Efforts have also been

initiated at U. S. Army MIRADCOM to define and verify a baseline beamrider missile system
for anti-armor applications.

The critical performance parameters of any beamrider system are related to (1) high
accuracy centroid tracking of the target, (2) a temporal and spatial beam structure such
that the missile guidance is not biased by the ter-ain effects, and (3) a method of
capturing the missile at a range close enough to insure adequate damping of the missile's
angular deviations from LOS at the closest tactical range of interest.

The application of beamrider technology is most promising in the guided direct fire
anti-tank role with the radar and launcher borne by a land vehicle. The system as pre-
sently envisioned requires a relatively large antenna (v 0.6 m diameter), a precision
tracking mount, and a dual beamwidth antenna configuration to accomplish missile capture.
It is not feasible to consider a helicopter-borne weapon system at this time because of
the size of the antenna/mount configuration; however, it may be possible to exploit optical
scanning techniques which involve stabilization of scan components to obviate the require-
ment for a large precision tracking mount. The anti-helicopter role could be considered
if the target exposure time is adequate to acquire and to accommodate the missile time-of-
flight. 1In the anti-aircraft role the end game maneuverability requirements on the missile
would be severe for crossing targets or for targets performing high G maneuvers; however,
such a system appears to be feasible.

In considering why a beamrider system should be investigated as the initial concept for
NMMW guidance feasibility rather than another scheme, the following factors are influential:

(1) The guidance link is one-way, so that relatively simple video receivers are poten-
tially adequate for the missile link.

(2) Beamrider guidance has been demonstrated at IR and optical wavelengths in opera-
tional situations so that it is not necessary to go through a concept demonstration phase.

(3) Target cross section is high because the tracker looks at backscatter rather than
at off-axis scatter.
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(4) Since only the low cost missile receiver is expended in firing, the cost per round
could be significantly less than that for a missile employing an active seeker,

(5)  The missile is difficult to jam since the receiver looks back at friendly territory.

(6) It is possible to implement a multiple wavelength system so that wavelenath opti-
mization is possible for the acquisition, tracking and guidance functions.

(7)  The airframe could be optimized aerodynamically since there is no seeker to compli-

cate the warhead.

Complexity of the on-board guidance and control is minimal.

The NMMW beamrider system must perform several functions in sequence, with the capabi-

lity for continuity or rapid handover from one function to the next.

This system must be

capable of searching for and acquiring a target over a limited field-of-view (FOV),

followed by the target tracking and missile guidance.

Handover from the tracking to gui-

dance modes must include a missile capture phase during which the missile is launched
toward the target and LOS guidance along the tracking radar beam is established. For
simplicity, it is desirable that one system at a single wavelength perform the entire
beamrider operation; however, because of the complexity of these multiple operations
(target acquisition, tracking, missile capture and guidance), the optimum configuration

might require a multi-wavelength system.

Several approaches for implementation of the beamrider system have been investiqatedzl.
Performance in inclement weather is the most important consideration for a NMMW beamrider.
For 94 GHz, 140 GHz and 220 GHz, an example of the transmitter power requirement for
target acquisition as a function of range for rain rates of 4 and 16 mm/hr on a warm day

is given in Figure 15.
power:

The following parameters are used in the calculations for source

94 GHz 140 GHz 220 GHz
v (m) 3.19 x 1073 2.14 x 1073 1.36 x 1073
Gp (dja. = 0.6 m; n = 0.5) 1.78 x 105 3.88 x 10° 9.60 x 10°
aq (md) 30 30 30
L 0.5 0.40 0.16
sPR 3.1 (4.9 ap) 6.2 (7.9 dn) 38.9 (15.9 am)
KTB (B = 107 Hz) 4.14 x 1014 4.14 x 10-14 4.14 x 10714
Ne (dB) 4 7 15
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Figure 15. Power required for target acquisition on a warm day with moderate to heavy rain,
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A Trade-offs between search time, PRF, and antenna beamwidth must be considered in de-
signing a beamrider system. If a separate acquisition system is employed, the reguired
S/N for tracking will be considerably improved by the integration of additional pulses
during the tracking interval which is long with rvespect to the acquisition target dwell
time.

The curves of Figure 15 show that only the 94 GHz system is capable of a range of 3 km

1 ’ with a power of 1 kKW in moderate rainfall. The transmitter power requirements for missile

g guidance are not as severe as those required for aeguisition and tracking because the
guidance link is a one-way path. It has been shown 1 that power levels required for acqui~

E sition are more than adequate for guidance.
b For a five year projection of system performance, it would seem reasonable to anticipate
: improved noise figures and decreased RF losses at 140 and 220 GHz. These proijections of
i improved performance are listed below:
@ Frequency (GHz) State-of-the-art 5 Year Projection
& e
i LRF NEP Ng LRF NEP Nf
; 140 €ae1.6x 1072 7a8 3ap 1071 g as
¢ - -
: 220 gas 5 x 1071 15 as 3ap 1071 g
i : The reason for projecting the same parameters for both frequencies is that quasi-optical
§ 5 components should show very little frequency dependence over the range, and the cutoff
% i frequency of Schottky barrier mixers is presently about 3000 GHz.
3 ; Target acquisition, guidance with video detection and tracking have been calculated with
R & the projected parameters. For tracking, it is assumed that the tracking error is
g
: CBP _ 0.35
. .
i 7 VAR R(m

and a pulse integration gain of 17 4R is also assumed.

A B

The projected performance levels for acquisition and tracking are shown in Figures 1o
and 17 for each of the frequencies and a 1 kW source. <Corresponding curves for guidance
were not plotted because power adequate for the other two functions is more than adequate
for guidance. These curves show some improvement over those of Figure 15; in particular,
they show that it is possible to achieve tracking and guidance at a range of 3 km under
more stringent conditions than before.

i e a e ST
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The calculations in the study show that, neglecting angle error due to multipath and
glint, 94 GHz is the best frequency for a multifunctional tracking, acquisition and beam-
rider guidance system using state-of-the-art performance parameters. For a system domi-
nated by multipath effects, either 140 or 220 GHz appears to be the preferred choice for
operating frequency; whereas, without the presence of multipath effects, 94 GHz is a bettevr
choice for development of first generation millimeter guidance systems. This result is to
be expected for performance dominated by propagation effects, since the absorption due to
water vapor is much higher at 140 and 220 GHz than at 94 GHz. On the other hand, it would

2 seem that tracking accuracy would favor 140 or 220 GHz in view of the reduced beam diver-

gence at shorte avelengths. Oor a conscan tracker, the tracking error due to thermal
noise is ¥V 9p/vS8/N, and the \8/N decreases faster than ¢y as the wavelength goes to 2.1d4 mm
(140 GHz) ang 1.36 mm (220 GH2) due to the increase in m?xer noise figure and atmosphervic
attenuation coefficients at the shorter wavelengths. Even for projections based on extrapo-
lation of available source power and improved performance of quasi-optical components, the
94 GHz window is still slightly preferable in terms of tracking accuracy for a system in !
which multipath is not a consideration.

RS S——

On the other hand, if the multipath model adopted is valid, there are indications that
94 GHz will not provide adequate angle tracking error over typical types expected to be
encountered in tactical operations in adverse environments. If the trend of these calou-
lations is consistent with projected performance from realistic terrain models, operation

e at 220 GHz may also be necessary to insure an adequate accuracy for missile impact over
the desired clear weather range of 3 km. If this is the case, a reduced low visibility
operating range will be incurred. Thus, among the trade-offs to be considered will be
» that of adequate clear weather operation against maximum range of low visibility operation.
» A 94 GHz system, for example, might perform reasonably well over a 1.5 = 2 km range interval !

in a wide range of adverse meteorological and terrain conditions, whereas a 220 GHz system
might extend the clear weather operating range to 2.5 = 1 km while vestricting the adverse
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Figure 16. Projected performance levels for Figure 17. Projected performance levels
acquisition under different weather for tracking under different
conditions for a 1 kW source. The weather conditions. The con-
conditions are: moderate rain ditions are the same as those
4 mm/hr, 80°F; heavy fog, 30 m given in Figure 16.

visibility, 40°F.

Preliminary system studies have shown that millimeter guidance systems offer a poten-
tially significant improvement in penetration of adverse environments which limit the
visibility of electro-optical guidance systems. Further, there is the potential for im-
proved accuracy with adequate penetration under adverse environmental conditions when com-
pared to guidance systems operating in the microwave frequency band.

The state-of-the-art will currently support the development of operational breadboard
beamrider or command guidance systems at 94 or 140 GHz. One such breadboard system has
been developed at BRLZ0, and tests performed at both BRL and MIRADCOM on tracking and
guidance link operational simulations were found to be supportive of this millimeter
guidance concept. MIRADCOM is also supporting several contractor-developed millimeter
guidance systems which will involve development and testing of both differential guidance
and beamrider concepts. As a part of these efforts, the evolutionary development of cri-
tical subsystems such as the tracking radar and guidance link will provide a means for
performing operational tests to determine multipath effects, measure target signatures,
and assess various schemes which have been proposed for missile capture; however, a very
significant concern is the development of an appropriate target acquisition concept tfor
an autonomous millimeter guidance system, and this and other critical technology issues
are addressed in Table 9.

A basic deficiency in the current millimeter technology base is the lack of measured
target, terrain and atmospheric data. Without these data, accurate quantitative estimates
of system performance in realistic tactical environments cannot be made with any degree
of confidence. Thus, the development of millimeter measurement systems operating in the
windows at 94, 140 and 220 GHz is a critical step in establishing their operational limi-
tations in terms of meteorological conditions and reduced visibility situations resulting
from smokes and other battlefield-generated aerosols. The acquisition of these data should
be a major part of a program to develop millimeter guidance systems.

Ml e

kit el

et i Ll - b e A AR G e S e R S TR

BT, Bsstaidd o




K
1
1
3
2
"
s
!
4
2
¢

e .o \
Lo 7
10-«7 g ‘.j

Table 9. Critical Beamrider Technology Areas

ACTIVITY RATIONALE RESQURCES NEEDED
Multipath Limits tracking accuracy; Degrades beam/ mn A radar/optical tracker; field problems -
quidance frequency and terrain dependence
Wavelength Potential of improved tracking vs A; source Transmitter/receivers,
s A ers, accurate aga-
Selection and detector performance dependence; multi- t10n measurenents in smoke, n!n‘jr‘!’guq.
path dependence; optimum search/acquisition and high humidity; supporting metcorological
wavelength measurement s
s‘hr«)et 2 Reduce angle error and signal loss Transmitters/receivers; Signal Processing;
gnatures Pulse-to-Pulse target reflectivity data;
function of target aspect
Target Srime system function

Coherent system measurements to feed
computer sinulation to determine signal
processing required, e.q. MTI, vibrational
signatures, and

Acquisition

Capture Requirvd for initiation of missile guidance Determine required boam profile vs range l
g for capture; ncar field measurement; deter-

nine concepts for multifunctional capture/ |
track/quidance ’
Accelesatiion Required for missile receiver Trade-off video/superheterodyne for missile f
Hardened receivers; test diodes under shock, simulated
Schottky Diodes flight conditions
N:ar mn w:vo Required for low loss sy:tem Quasi-Optical approach - circulators,
omponents isolators, modulators, antenna conscan
schemes diplexers, rotary joints, mixers,
. : local oscillators
ransmitters High Power Stable Sources Required EI0's vs Inpatts; develop stability
techniques; chirp techniques; gyrotrons -
long term source
Target

Need to provide high accuracy t t

i y targe High precision tracking radar-

h:;::;:gs ::glv‘x:;:ates and maimain good pointing technigues for demr";j“mnro:p;::;e:pectrum
J scatterers; coharent, fregquency anile system

Clutter Information required for enhancement of

Characteristics target-to-clutter signals Measurements of N clutter characteristics

terrain masking effects; establish dis-
crimination schenmes

Comments on other systems applications

The above discussion of the beamrider indicates some of the factors which can influ-
ence the design and operation of a NMMW system. The same type of considerations must be

made for other potential NMMW systems. Only brief comments can be made here on some of
these systems.

Target designator and semi-active seekers

Target designators have been successfully operated at 1.06 um in clear atmosphere.
However, during adverse propagation conditions (mainly fog and smoke), the IR designators
are ineffective. The existing IR systems, operating at 1.06 wm, have the advantage of
having all laser power incident upon the target. This is important since the reflectivity
of terrain and vegetation exceeds that of the target at 1.06 um. For NMM wavelengths, two
techniques have been investigated[3]: the case in which the target fills the beam and the
more general case for long wavelengths in which the beam size exceeds the target dimen=
sions. Because target reflectivity is expected to exceed background reflectivity, a
largest pulse logic is postulated for designation of the target in clutter.

Command guidance

The application of NMMW command guidance to anti-helicopter or anti-aircraft missions
appears to be feasible. Command guidance is also applicable in a ground-to-ground anti-
armor role, but no clear advantage over Beamrider guidance is evident at this time. The
technology barriers associated with this guidance concept are similar to those for the
Beamrider, and the general conclusions reached for the beamrider guidance concept apply
to command guidance. The state-of-the-art can support breadboard system development at
94 and 140 GHz, and additionally, the window at 220 GHz appears to be applicable if source
development evolves as projected by current technology.

Target surveillance and acquisition

For the successful operation of battlefield NMMW systems, it is important that target
acquisition and surveillance techniques be applicable to NMMW systems. This would provide
autonomous operation. For the optimum weapon system, several combinations of different
wavelength sub-systems must be evaluated to obtain the optimum combination of surveillance,
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acquisition, and guidance. Among the systems that have been identified as potential NMMW
applications are:
battlefield oround-to-ground target acquisition;
airborne surveillance by RPV radars of land-based targets;
long-range surveillance and target acquisition;
target acquisition for NMMW airborne missile seeker systems;
horizon search radars;
shipboard surveillance radars;
track-while-scan systems for short-range self-defense systems
(point defense);
restricted scan target acquisition for missile systems.

A large number of equipment and technique developments are necessary to ascertain the
applicability of 't waves. Techniques for search, recognition and classification have
been identified [3] but more detailed investigations are needed to implement these tech-
niques. Greater transmitter power, improved receiver sensitivity, new low-loss components
and light-weight rapid-scan antennas are necessary. Source stability for coherent oper-
ation must be greatly improved. For implementation of the recognition/classification
techniques, target characteristics, clutter effects and atmospheric effects are among the
phenomenology that must be thoroughly documented.

Boost phase plume detection

Calculations have been performed to determine the feasibility of detecting missile
plumes during the boost phase of the vehicle [22]. 1In the altitude regime of 30-100 km,
it has been shown that, for a solid propellant system, molecular species, e. g. H,0 and
H Cl, emit to permit radiometric detection from aircraft or satellites. Airborne radio-
metric observations are required to confirm predictions. The necessary passive technology
is developing but must be extended to wavelengths as short as -350 um. Independent
analysis of the bus stage indicate that spectral line opacity is sufficiently high to be
detectable in occultation against the earth's radiation.

Conclusions

From the studies which have been performed, it can be concluded that the NMMW region
offers a compromise for good resolution under adverse propagation conditions. Most sys-
tems, which have be=n investigated, profit from the narrow antenna beams available at NMM
wavelengths, but are limited by atmospheric conditions. In some cases, the range limita-
tions imposed by the atmosphere serve as an advantage for convert operation.

In order to utilize the NMMW spectral recion properly, considerable technology must
be developed. Hich-nower sources, low loss components, precision antennas, sensitive
receivers and stable local oscillators are priority devices to allow systems operations
to be performed at 'I'"! wavelengths. For man’ systems, highly coherent transmitters are
required. This necessitates development of nhase-locking and injection-locking technoloagy
for high-power sources. A driving force in extending military operation to NMM wavelengths
is the prospect of small-size systems where sphace and antenna apertures are limited. Low
cost, which is not a current characteristic of NMMW components, is expected to be an ulti-
mate achievable goal.

One cannot exnect to achieve everything that a system demands by employing NMM waves,
and those working in the field are not doinc this. Phenomenology in the form of atmos-
pheric, terrain/clutter, target, and materials characteristics must be thoroughly developed
for comparison with oneration at other wavelencths. Thus far, studies have estimated
certain characteristics and projected reasonable operational parameters for devices. From
the considerations that have been made, ontimun operation can be expected from hybrid
IR/NMMW systems which will utilize the best 5° both spectral regions.

This work has been sponsored in part b’ the Harry Diamond Laboratories through the
Army Research Office Contract No. DAAG29-77-C-2026.
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